In the field of depression, inflammation-associated depression stands up as an exception since its causal factors are obvious and it is easy to mimic in an animal model. In addition, quasiexperimental studies can be carried out in patients who are treated chronically with recombinant cytokines for a medical condition since these patients can be studied longitudinally before, during and after stimulation of the immune system. These clinical studies have revealed that depression is a late phenomenon that develops over a background of early appearing sickness. Incorporation of this feature in animal models of inflammation-associated depression has allowed the demonstration that alterations of brain serotoninergic neurotransmission do not play a major role in the pathogenesis. This is in contrast to the activation of the tryptotphan degrading enzyme indoleamine 2,3 dioxygenase that generates potentially neurotoxic kynurenine metabolites such as 3-hydroxy kynurenine and quinolinic acid. Although the relative importance of peripherally versus centrally produced kynurenine and the cellular source of production of this compound remain to be determined, these findings provide new targets for the treatment of inflammation-associated depression that could be extended to other psychiatric conditions mediated by activation of neuroimmune mechanisms.
From depression to animal models of depression
Venturing into the field of depression is akin to an adventure into the unknown. Depression by itself is not a disease sensu stricto since its etiology and mechanisms have not yet been elucidated. In addition, depression is not associated with any characteristic structural alteration (despite the emphasis on possible hippocampal atrophy), and there is no biomarker of depression (in particular escape from the dexamethasone suppression test is not a consistent feature). Depression is therefore defined by a list of symptoms that differ according to the classification. Many symptoms of depression are unfortunately ambiguous in nature since the disorder can manifest by an excess or an insufficiency (e.g., alterations in appetite or in sleep). Even when one adheres to a category of symptom clusters such as the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV TR for "Text Revision"), it is obvious that what is usually called depression actually encompasses a number of disorders, the so-called major depressive disorders. This disparity attests of the diversity of forms of depression. In addition, several symptoms of depression, including depressed mood, can also be found in other disorders such as dysthymia (a minor form of chronic depression), adjustment disorders with depressed mood and bipolar disorders. There is even a temporary category in which patients whose condition has not yet been fully characterized fit, the so-called "depressive disorder not otherwise specified".
Our understanding is equally unclear when it comes to pathophysiology. The monoamine theory of depression has dominated the neuropharmacology of depression for several decades. According to this theory, major depressive disorders are caused by a deficit in monoaminergic neurotransmission that can be treated by administering drugs that correct this deficit. Tricyclic antidepressants such as imipramine and desipramine alleviate the symptoms of depression by enhancing levels of norepinephrine and serotonin in the synaptic cleft. Selective serotonin reuptake inhibitors such as fluoxetine and paroxetine are claimed to achieve a similar action by inhibiting the presynaptic serotonin transporter. This theory has been useful to the drug industry for developing antidepressant drugs. As a consequence, psychiatrists now have a long list of treatment options that can be used in order to adjust treatment to the particular symptoms presented by each patient. Indeed, psychiatric disorders were the first to utilize what is now called, "personalized medicine." However, the hypothesis that depression is due to a deficiency in monoaminergic neurotransmission and furthermore that antidepressants alleviate symptoms of depression by normalizing monoaminergic neurotransmission has never been demonstrated to be true and is probably wrong.
Many review papers have already been published on animal models of depression. Most of the tests that have been developed to assess depressive-like behavior in rodents are actually nothing other than pharmacological bioassays in the sense that they are able to screen potential antidepressant drugs with relatively good sensitivity and specificity. This applies in particular to the forced swim and tail suspension tests. In the forced swim test, laboratory rodents are immersed into a tank filled with water try to climb on the walls, swim around and ultimately remain immobile as assessed by floating. This is anthropomorphically interpreted as resignation in the absence of any possibility to escape. Antidepressant drugs administered acutely or chronically typically decrease the duration of immobility whereas anxiolytic and anti-stress drugs have no effect. The same principle applies to the tail suspension test. In all these tests, pretreatment with a potential antidepressant drug decreases the duration of immobility. By extension, it is tempting to claim that any condition, whether it be pharmacological, environmental or genetic, that results in the same effect reveals an antidepressant phenotype. Conversely, any condition resulting in the opposite effect reveals a depression-like phenotype. An apparent exception to this tautology is the test of sucrose preference. Exposure to a context that is supposed to mimic predisposing factors for development of depression (e.g., chronic inescapable stress) leads to a decrease in the spontaneous preference for the rewarding effects of a sucrose solution. The sucrose reward can be replaced by any other rewarding stimulus, ranging from electrical stimulation of the so-called brain reward centers (e.g., the lateral hypothalamus) to presentation of a sexually attractive female to a male. The symptom of depression that is modeled in this type of test is the loss of capacity to feel pleasure, also known as anhedonia.
All of this would be expected to discourage any reasonable thinking scientist to invest in research on depression outside the context of psychopharmacology of antidepressant drugs. However, this is not the case. The number of original research articles describing antidepressant or depressant behavior phenotypes induced by specific gene or environmental alterations is still increasing even in high impact factor journals. This trend is evident in the absence of any obvious link between the condition under study and depression. The situation is fortunately different in the case of inflammation. Clinical studies have revealed that activation of the immune system in physically ill patients is associated with an increased prevalence of clinical depression. This is particularly the case in patients infected with the hepatitis C virus that are chronically administered interferon-alpha (IFNα) along with the anti-viral agent ribavarin. The same side effects occur in patients receiving immunotherapy for kidney cancer or malignant melanoma. These patients respond to the massive doses of IFNα and/or interleukin-2 by exhibiting symptoms of depression. Based on these clinical findings, it has been possible to go back to the bench and carry out preclinical studies on development of depressive-like behavior in laboratory animals in which the immune system has been activated. Of course, depressive-like behavior has been assessed in these studies by the same types of behavioral assays as those described earlier, and with the same limitations. However, face validity is no longer the critical issue.
The purpose of the present review is to discuss the main results that have emerged from the study of inflammation-associated depression and their clinical relevance for the understanding of depression.
Inflammation-associated depression -Human studies
The possibility that depression is not just a disorder of the mind but rather a consequence of physical illness has haunted medicine for a long time. Melancholia, an extreme form of depression, was originally supposed to be caused by an imbalance in the four humors that control emotions, in this case an excess of black bile as its etymology refers to. In modern literature, black bile has been replaced by cortisol of which the brain effects are studied by a myriad of researchers throughout the world. However, the therapeutic efficacy of inhibitors of cortisol synthesis or antagonists of glucocorticoid receptor activity has not yet fulfilled its premises in psychiatry (Blasey et al 2009; Kling et al 2009) and the pathogenesis of depression still remains elusive.
Based on the observation that cytokines produced by macrophages induce symptoms of depression when given to volunteers and have brain effects including activation of the hypothalamic pituitary-adrenal axis, Smith first proposed the macrophage theory of depression (Smith 1991) . According to this theory, excessive production of inflammatory mediators by macrophages plays a causal role in depression. In accordance with the theory, Maes (Maes 1999; Maes et al 1995) was able to collect biochemical evidence for activation of the innate immune system in depressed patients. This was in contrast to the previously emphasized immunodepression that had been reported in these patients, based on natural killer cell activity and lymphocyte proliferation assays (Irwin 1999) .
The association between depression and inflammation has been confirmed in various clinical populations. However, it accounts for only a small amount of the variance and there is still no consensus as to the best biomarkers to reveal systemic inflammation (Dantzer et al 2008a; Irwin & Miller 2007) . The association between depression and inflammation has actually turned out to be easier to observe in physically ill patients than in patients with psychiatric disorders who are otherwise considered medically healthy. This is the case in patients with coronary heart disease (Frasure- Joynt et al 2003; KiecoltGlaser & Glaser 2002; . A similar association between biomarkers of inflammation and depression, especially when measured with psychological instruments (e.g., the Beck Depression Inventory or the Montgomery-Asberg Depression Rating Scale), is commonly found during aging and is exacerbated by obesity and type II diabetes (Bremmer et al 2008; Milaneschi et al 2009; Penninx et al 2003) .
The first recombinant human cytokines became available in the 1980s, and they were first tested as therapy in a variety of cancer patients. However, the side effects of systemic cytokine therapy revealed numerous CNS-associated symptoms, such a disorentiation, mood changes, sleep, fever and fatigue (reviewed in (Dantzer & Kelley 1989) ). We proposed that endogenous cytokines could cause similar symptoms, but the prevailing view at that time was that these CNS-side effects were caused only by pharmacological, not physiological, doses of recombinant cytokines. Besides these early correlative findings, the basic assumption that immune activation can cause depression stemmed from studies of cognitive and mood disorders in cancer patients receiving cytokine therapy (Meyers 1999) . Major progress in the field took place when categorical evaluation of mood disorders was replaced by dimensional analysis aiming at assessing the degree of intensity of various dimensions of symptoms (Capuron et al 2000; Capuron et al 2004) . With this approach, cytokine immunotherapy was found to rapidly induce a core of neurovegetative or sickness-like symptoms that included fatigue, pain, decreased appetite, and sleep disorders in most of the cancer or hepatitis C patients treated with IFNα and/or IL-2. After a few days or weeks, depending on the cytokine and dose administered, 30 to 50 percent of the patients developed psychological symptoms including depressed mood, feelings of worthlessness, guilt and even suicidal ideation that culminated in a true major depressive episode. Psychological symptoms of depression, in contrast to neurovegetative symptoms, were found to be sensitive to preventive antidepressant treatment with paroxetine (Capuron et al 2002a) .
Since not all patients receiving immunotherapy ultimately develop clinical depression, it is important to determine the risk factors for these side effects. In patients with cancer, individuals at risk for developing cytokine-induced depression had a greater depressed mood at baseline, as expressed by feelings of sadness and pessimism, together with sleep disorders and low social support (Capuron & Ravaud 1999; Capuron et al 2004) . In an independent study, poor sleep together with high IL-6 was confirmed as a risk factor for developing IFNα-induced depression (Prather et al 2009) . Patients at risk of developing depression also displayed an exaggerated reactivity of the pituitary-adrenal axis in response to the very first injection of IFNα (Capuron et al 2003b) . Genetic vulnerability factors in the form of functional polymorphisms in the genes coding for the serotonin transporter and for IL-6 have also been found to be associated with the risk of developing depression in response to IFNα (Bull et al 2009; Lotrich et al 2009) .
The relevance of cytokine immunotherapy-induced clinical depression as a model to understand the relationship between inflammation and depression can be questioned based on the drastic nature of the immune changes induced by the massive doses of cytokines that are administered to patients. However, more recent studies on volunteers administered low doses of endotoxin acutely (Reichenberg et al 2001) or vaccinated against typhoid (Strike et al 2004; Wright et al 2005) confirmed the basic premises of the hypothesis, i.e., that inflammation can cause depressed mood in medically healthy subjects. In both cases, the occurrence of depressed mood was associated with increased production of proinflammatory cytokines.
A few intervention studies have confirmed a role for inflammation in depression associated with medical illness. Administration of the TNFα antagonist etanercept to patients with moderate to severe psoriasis resulted in an improvement of symptoms of depression measured by the Beck Depression Inventory (Tyring et al 2006) . This improvement was independent of the effect of etanercept on joint pain. Blockade of the inducible cyclooxygenase-2 enzyme that mediates the synthesis of prostaglandins of the E2 series in response to cytokines enhanced the antidepressant effect of the specific norepinephrine reuptake inhibitor reboxetine, although the dropout rate was particularly elevated in this study (Muller et al 2006) .
Several mechanisms have been proposed to account for the depressogenic action of cytokines. They include induction of extrahypothalamic CRF and vasopressin, development of glucocorticoid resistance, activation of the tryptophan degrading enzyme indoleamine 2,3 dioxygenase (IDO), and increased expression of the serotonin transporter (Miller 2008; Miller 2009 ). Activation of IDO was initially proposed to account for the drastic fall in plasma tryptophan levels that occurs in patients with inflammatory disorders as well as in patients who receive cytokine immunotherapy Capuron et al 2003a; Capuron et al 2002b; Widner et al 2002) . Capuron et al. observed a linear relationship between decreased plasma tryptophan levels and scores of depression after 26 days of immunotherapy in cancer patients (Capuron et al 2002b) . Because this relationship was very suggestive of a causal relationship between these two events, it prompted a series of experimental studies on the possible role of IDO activation in the transition from cytokineinduced sickness to depression (Capuron & Dantzer 2003; Dantzer et al 2008b; Godbout et al 2008) The brain areas that are the targets of cytokines have been identified by functional brain imaging techniques. They are remarkably similar to those whose activity is altered in depressed patients. Patients treated with IFNα for chronic hepatitis C displayed hypometabolism in the prefrontal cortex, as measured by [18F] deoxygluocose positron emission tomography (Juengling et al 2000) . This hypometabolism was correlated with increases in depression scores. Hypermetabolism was observed in the putamen. Patients with malignant melanoma treated with IFNα displayed decreased glucose metabolism in dorsal prefrontal cortex and increased glucose metabolism in the basal ganglia and cerebellum (Capuron et al 2007) . In these patients, the increased glucose metabolism in the left nucleus accumbens and putamen was correlated to self-reported fatigue. Patients treated with IFNα for chronic hepatitis C exhibited a significantly higher activation in the dorsal part of the anterior cingulate cortex, as measured by functional magnetic resonance imaging. The degree of activation of this structure highly correlated with the number of errors they made in a task of visuo-spatial attention (Capuron et al 2005) .
Once more, massive levels of immune activation do not need to be achieved to detect correlations between cytokine levels and neural responses. Volunteers were injected intravenously with a small dose of endotoxin sufficient to increase proinflammatory cytokines and depress mood. During fMRI, they were asked to participate in a ball-tossing video game during which they experienced social exclusion. In females, but not males, increases in IL-6 were associated with increases in activity of the dorsal anterior cingulate cortex and the anterior insula (Eisenberger et al 2009) . Healthy male volunteers who received typhoid vaccination were asked to perform an implicit emotional face perception task. Functional magnetic resonance imaging revealed enhanced activity in the subgenual anterior cingulate cortex during emotional face processing. These changes were correlated with circulating IL-6 (Harrison et al 2009) .
Correlations between inflammation and depression-like neural activity can be even seen in the absence of immune stimulation by antigens. In line with the observation that proinflammatory cytokines can be activated by psychosocial stressors (Bierhaus et al 2003; Wolf et al 2009) , women undergoing the emotional stress of bereavement were exposed to a grief elicitation task during a session a functional magnetic resonance imaging. As expected, they displayed activation of brain areas involved in emotional processing including the subgenual anterior cingulate cortex, and this activation was positively correlated to salivary concentrations of IL-1β and the soluble tumor necrosis factor receptor II (O'Connor et al 2009d).
Cytokines and depression -Animal studies
Because of the overwhelming evidence that treatment of patients with IFNα can cause depression in humans, the effects of this cytokine have also been studied in mice and rats. The problem is that recombinant mouse or rat IFNα has not been readily available so that most researchers have used recombinant human IFNα. However, it is well known that human IFNα is not biologically active in the mouse or rat system because it lacks a consensus sequence. As could have been expected, pegylated human IFNα-2a or 2b that is used for the treatment of chronic hepatitis C did not alter rat behavior and weight gain (De La Garza et al 2005; Loftis et al 2006) although positive results have been obtained by other authors using chronic administration of human IFNα-2a 3 times a week over 4-5 weeks (Fahey et al 2007; Myint et al 2007c) . A single injection of rat recombinant IFNα was found to induce sickness behavior up to 4 days following treatment (Kentner et al 2006) . Using a hybrid recombinant IFNα A/D that is active in the mouse system, Dunn and Crnic observed a highly reliable depression of motor activity (Dunn & Crnic 1993) . The group of Dunn also confirmed that recombinant human IFNα had no effect on behavior in mice. In contrast, a single injection of homologous IFNα decreased the time spent immobile in the forced swim test and tended to decrease time spent in open arms in the elevated plus-maze test without altering general activity. There was no change in the tail suspension test nor in the light/dark exploration test. The same treatment increased concentrations of tryptophan and 5-hydoxyindoleacetic acid/serotonin ratios in selected brain regions. These data indicate that homologous IFNα is behaviorally active in rodent models although its activity over time and its mechanisms of action remain to be elucidated. However, there has been no systematic attempt to model what has been observed in human malignant melanoma or hepatitis C (plus ribivarin) patients treated with IFNα using longitudinal studies. This aspect is important since a bedside-to-bench strategy should allow building an animal model of cytokineinduced depression that is not biased by the occurrence of sickness behavior. This can be done by capitalizing on the temporal dissociation that is observed between sickness behavior and depression in patients who undergo cytokine immunotherapy (Fig. 1) . One possibility is to administer an acute injection of LPS and test for depressive-like behavior only when sickness behavior has dissipated. Another possibility is to inoculate a microbial pathogen that induces chronic infection and assess depressive-like behavior after sickness has disappeared.
This strategy has been employed in situations of both acute and chronic immune activation. To induce acute immune stimulation, mice were administered LPS which, as expected, induced sickness as measured by reduced locomotor activity, decreased food intake and loss of body weight during the first hours after treatment. Twenty-four hours later, when sickness had apparently disappeared, mice were submitted to tests of depressive-like behavior. They displayed increased duration of immobility in the forced swim test and the tail suspension test (Frenois et al 2007; O'Connor et al 2009c) . Furthermore, depressive-like behavior was increased not in intensity but in duration by the chronic inflammation associated with aging (Godbout et al 2008) .
To induce chronic immune stimulation, mice were inoculated with Bacillus Calmette-Guerin (BCG), an attenuated form of Mycobacterium bovis. BCG-treated mice showed an acute episode of sickness that lasted until 3-4 days post BCG. Their duration of immobility in the forced swim and tail suspension tests was increased for up to 21 days post-inoculation of BCG, and their preference for sucrose was decreased at the same time .
In terms of mechanisms, LPS as well as BCG are able to activate IDO in both the periphery and brain (Lestage et al 2002; Moreau et al 2005) with a time course that is compatible with the development of depressive-like behavior. The hypothesis that IDO mediates cytokineinduced depressive-like behavior was tested by blocking either the inducible expression of cytokines (presumed responsible for upregulating IDO) in response to LPS or by bypassing cytokines and directly blocking IDO activation. In the first case, the expected result was that the treatment should block both sickness and depressive-like behavior while, in the second case, it should block only depressive-like behavior and leave sickness behavior intact. This is exactly what was observed when mice were pretreated with minocycline, a tetracycline derivative that has anti-inflammatory properties. Minocycline pretreatment abrogated LPSinduced expression of cytokines and IDO and blocked development of both sickness behavior and depressive-like behavior as measured by increased duration of immobility in the forced swim and tail suspension test These experimental results are important because they confirm that inflammation-associated depression develops on a background of sickness behavior but does not totally confound it. Furthermore, they indicate that inflammation-associated depression is dependent on activation of the tryptophan degrading enzyme IDO.
Our initial hypothesis was that the enhanced degradation of tryptophan would result in a relative decrease in tryptophan bioavailabity, thereby setting the stage for a decrease in serotoninergic neurotransmission. Tryptophan is the limiting factor for the synthesis of serotonin. In order to enter the brain, tryptophan needs to be imported via a transporter that is relatively non-specific since it also transports other large neutral amino acids such as phenylalanine, leucine, isoleucine, valine and tyrosine. Tryptophan is hydroxylated by tryptohan hydroxylase into the intermediate product 5-hydroxy-tryptophan. This enzyme is only 50% saturated with its substrate, so increasing or decreasing the level of bioavailable tryptophan should have an immediate impact on brain serotonin levels. Support for this hypothesis is provided by experiments using acute tryptophan depletion. Acute tryptophan depletion can be achieved by consumption of a tryptophan-free amino acid drinking solution. This results in a lowering of plasma tryptophan to 10-50% of original levels, which is accompanied by a decline in central serotonin, as shown by experiments in animals and healthy volunteers (Moore et al 2000) . In response to rapid tryptophan depletion, full clinical relapse occurred in 47% of depressed patients who were recently medicated and partially remitted, and 9% of the patients who were either non-medicated or fully remitted. The placebo procedure had no effect (Van der Does 2001). When mood alterations were taken into consideration rather than the incidence of clinical depression, acute tryptophan depletion was found to cause significantly greater depressed mood in healthy subjects with a family history of depression than in healthy subjects without such a family history, and this effect was in general more pronounced in women than in men . Similar results have been reported in subjects with a genetic or a personal history of depression by several other groups (e.g., ). The assessment of the negative effects of tryptophan depletion on mood has been proposed as a means to predict relapse after treatment discontinuation in recovered patients and treatment refractoriness in symptomatic patients (Van der Does 2001).
As expected, activation of IDO by administration of LPS or BCG to mice is accompanied by decreased circulating levels of tryptophan and increased levels of kynurenine, resulting in an increase in the kynurenine to tryptophan ratio (O'Connor et al 2009b; O'Connor et al 2009c) . The same effect was observed in the brain but it was due to an increase in kynurenine without any concomitant decrease in tryptophan. Paradoxically, brain tryptophan did not decrease in these conditions, rather, LPS actually increased brain tryptophan and the turnover of brain serotonin, as measured by the ratio of 5-hydroxy-indoleacetic acid to serotonin (O'Connor et al 2009c) . This increase was even more pronounced in aged than in young adult mice and this was an associated with a longer duration of LPS-induced depressive-like behavior, as measured by increased duration of immobility in the forced swim test (Godbout et al 2008) . Furthermore, pretreatment with the anti-inflammatory agent minocycline or with the IDO competitive antagonist 1MT attenuated LPS-induced increases in the ratio of kynurenine to tryptophan in the plasma and brain and abrogated LPS-induced depressive-like behavior but had no effect on LPS-induced increases in brain tryptophan and serotonin turnover (O'Connor et al 2009c) . The observation that inflammatory stimuli increase brain tryptophan and stimulate the metabolism of brain serotonin in a manner similar to stress had already been made by Dunn and his group several years before (Dunn et al 1999) , although most of these studies were carried out only a few hours following administration of LPS or cytokines. Obviously, the brain can compensate for the decrease in circulating tryptophan induced by acute or chronic inflammation, although the mechanism of this effect is still unknown. Whatever the case, this made the hypothesis of a decreased serotoninergic neurotransmission being responsible for inflammation-induced depression no longer tenable.
An alternative hypothesis would be that cytokines decrease the amount of serotonin available for neurotransmission by increasing activity of the serotonin transporter (SERT). Neuronal SERT activity was found to be up regulated by IL-1β and TNFα in a p38-dependent manner (Zhu et al 2006) . Administration of the synthetic double-stranded RNA Poly I:C to rats increased expression of IFNα and SERT in the brain at the same time as it induced fatigue, as measured by decreased voluntary running wheel activity (Katafuchi et al 2006) . Increased expression of SERT in response to IFNα was also observed in immune cells and in a T cell line (Tsao et al 2006) . In the Jurkat T cell line, this effect was mediated by activation of mitogen-activated protein kinases (p38, ERK and JNK) (Tsao et al 2008) . An effect of cytokines on serotonin receptors is also possible. As an example, chronic administration of IFNα A/D to rats increased binding capacity of the low affinity 5-HT1A receptor sites (Abe et al 1999) .
Independently of the respective role of serotonin and kynurenine metabolites in inflammation-induced depression, investigations on the involvement of IDO itself have become more complicated since the discovery of another gene coding for indoleamine 2,3 dioxygenase-like protein (Ball et al 2009) . The product of this gene is called IDO2 to distinguish it from the first IDO that was discovered and which is now called IDO1. The genes coding for IDO1 and IDO2 are adjacent to each other on chromosome 8 in both humans and mice, with IDO2 being probably more ancient in terms of phylogeny than IDO1. IDO2 shares 43% homology at the amino acid level with IDO1. IDO2 is expressed mainly in the kidney and reproductive system although transcripts for IDO2 are also found in the brain. IDO2 appears to be less efficient to metabolize tryptophan than IDO1 but the exact cofactors required for its activity still remain to be elucidated. In terms of inhibition, levo-1-methyltryptophan appears to be a more effective inhibitor of IDO2 than dextro-1-methyltryptophan (Yuasa et al) . However, opposite results have been reported (Lob et al 2008) .
Another complicating factor is the recent discovery that tryptophan 2,3 dioxygenase (TDO) previously known as tryptophan pyrrolase and of which the expression was claimed to be restricted to the liver has now been found to be present in other organs including the brain. Cortisol and corticosterone are potent activators of TDO and it is therefore possible that they also regulate the activity of TDO in the brain, although this has not yet been investigated. There are at least two variants of the tdo gene and its transcripts in the mouse brain, with differential expression according to the stage of development (Kanai et al 2009) . Although much still remains to be done at the bench level to understand the respective role of TDO, IDO1 and IDO2 in the regulation of inflammation in the brain, it should already be obvious that at the practical level the simple measurement of kynurenine metabolites is no longer sufficient to have a full picture of the origin and modalities of activation of the kynurenine pathway. Future studies will need to determine which exact enzyme(s) are responsible for the observed changes in kynurenine metabolites. Examples of this are provided in the next section.
Depression and activation of the kynurenine pathway -Back to the clinics
As already mentioned, the first clinical studies on the relationship between immunemediated activation of the tryptophan degradation pathway and depression focused on the possible negative consequences of lowered tryptophan levels on brain serotoninergic neurotransmission. This hypothesis was formalized in a review paper published by the Fuch's group in 2002 (Widner et al 2002) . However, the prediction that decreased circulating tryptophan negatively impacts on brain tryptophan and serotonin was not tested. Actually, a recent study in IFNα-treated patients showed that CSF tryptophan levels remained stable despite decreased blood levels of tryptophan (Raison et al) .
The possibility that tryptophan metabolites can play a role independently of serotonin came later in the equation mainly because of the evidence that was already available on the neurotropic action of some of these metabolites. The degradation of tryptophan by IDO induces the synthesis of the intermediate metabolite known as kynurenine. Kynurenine is inactive in itself. It is further degraded into different metabolites, the nature of which depends on the cell type in which kynurenine is produced or transported Schwarcz 2004; Ting et al 2007) (Fig. 2) . Microglia degrade kynurenine into 3-hydroxykynurenine and quinolinic acid. These two last compounds are neurotoxic because of their ability to generate oxidative radicals and to act as agonists of the NMDA receptor. Astrocytes degrade kynurenine into kynurenic acid that is neuroprotective by acting as an antagonist of the NMDA and alpha-7 nicotinic acetylcholine receptor. Intact neurons can degrade kynurenine into picolinic acid that is neuroprotective. The production of kynurenine metabolites can be modulated by endogenous factors, the levels of which could vary according to inflammation. A so-called "glia depressing factor" that exerts an inhibitory activity on the production of kynurenic acid by depressing activity of kynurenine aminotransferase I (the main enzyme that degrades kynurenine into kynurenic acid) has for instance been identified in the human CSF and brain (Baran et al 2010) . The levels of this factor appear to increase during inflammation since CSF from patients with multiple sclerosis has a lower ability to inhibit kynurenine aminotransferase I than CSF from control subjects.
Myint and Kim proposed that activation of IDO during inflammation switches the metabolism of kynurenine toward the production of neurotoxic metabolites to the detriment of the neuroprotective kynurenic acid (Myint & Kim 2003) . The same hypothesis was reformulated by Müller and Schwartz (Muller & Schwarz 2008) . They proposed that depression is associated with a predominance of the microglial kynurenine degradation pathway over the astrocytic pathway whereas schizophrenia would be associated with the opposite pattern (Muller & Schwarz 2008) .
In patients with chronic hepatitis C, up to 24 weeks of treatment with IFNα increased as expected the kynurenine over tryptophan ratio at the same time as it increased symptoms of depression (Wichers et al 2005) . The ratio of tryptophan to competing amino acids did not change at the periphery despite decreased levels of tryptophan, indicating that the availability of tryptophan to the brain was not modified. The kynurenine over kynurenic acid ratio increased mainly because of the increased kynurenine levels and the lack of any concomitant increase in kynurenic acid, which was interpreted as an index of decreased neuroprotection. These changes in kynurenine and its metabolites do not remain restricted to the periphery since another study in patients with hepatitis C treated for 12 weeks with IFNα showed evidence of enhanced levels of kynurenine, quinolinic acid and kynurenic acid in the cerebro-spinal fluid (CSF) of these patients in addition to increased signs of IDO activation at the periphery (Raison et al) . Increases in CSF kynurenine and quinolinic acid were correlated with increased CSF IFN-alpha, soluble tumor necrosis factor-alpha receptor 2 and monocyte chemoattractant protein-1 as well as increased depressive symptoms (Raison et al) .
Independently of the research carried out on inflammation-associated depression, the search for the possible occurrence of biomarkers of activation of the kynurenine pathway in depressed patients had already been in the past a very active field of research in biological psychiatry. One of the first reports in this area was actually from the group of Curzon and colleagues. This study was carried out at the time at which the only known tryptophan degrading enzyme was TDO. Curzon and Bridges gave an oral load of tryptophan to endogenously depressed patients and control subjects. They observed that female depressed patients excreted significantly more kynurenine and 3-hydroxykynurenine than did female control subjects but this did not extend to 3-hydroxyanthralinic acid (Curzon & Bridges 1970) . These results were not always reproducible in other laboratories, e.g., (Moller et al 1982) , and the issue remained dormant in the biological psychiatry literature until the discovery of IDO and its association with inflammation.
Fuchs and colleagues reported an association between neuropsychiatric symptoms and activation of IDO in macrophages (as measured by increased circulating kynurenine over tryptophan ratio and neopterin levels) in HIV seropositive patients (Fuchs et al 1990) . Heyes and colleagues proposed in 1992 that quinolinic acid and kynurenic acid that are elevated in the central nervous system of HIV-1-infected patients as a consequence of IDO activation act as mediators of the neuronal dysfunction and nerve cell death that occur in these patients (Heyes et al 1992) . In depressed patients without any comorbid somatic disease, Myint et al. reported a decreased tryptophan to competing amino acids ratio, an increased kynurenine to tryptophan ratio and a decreased kynurenic acid over kynurenine ratio, the so-called neuroprotection index (Myint et al 2007b) . This last decrease was mainly due to a decrease in kynurenic acid levels. There was no major change during the course of the treatment, as attested by the lack of differences in these indexes between admission and discharge besides an increase in the ratio of tryptophan to competing amino acids (Myint et al 2007b) . However, the results are far from being always as clear in other studies on patients with major depressive disorders. Mackay et al. reported for instance that the relationship between kynurenine metabolites and depression emerged only after fluoxetine treatment while it was absent in drug-naïve patients (Mackay et al 2009) . The clinical form of depression itself could play a role since decreased tryptophan and elevated kynurenine over tryptophan ratios were found in adolescent depression with melancholic but not non-melancholic features independently of treatment (Gabbay et al) .
The situation in bipolar disorders is not easier to grasp. In the study published by the group of Myint et al., drug free bipolar manic patients displayed a lower tryptophan index (tryptophan over competing amino acids) compared to controls and after 6 weeks of treatment they had lower tryptophan and tryptophan index but higher kynurenine over tryptophan ratios (Myint et al 2007a) . The neuroprotective ratio was not different between groups. However, in another study by a different group the levels of kynurenic acid in the cerebrospinal fluid of bipolar patients were found to be higher when sampled during the euthymic phase (Olsson et al) .
There is clearly a need for a more systematic approach of biomarkers of inflammation and kynurenine pathways in psychiatric patients. Ideally, measurements should be carried out both at the periphery and in the cerebrospinal fluid. These measurements should take into consideration classical markers of inflammation (C reactive protein and probably IL-6 although there is no standardization of IL-6 assay). In addition it would be useful to determine which enzyme is actually involved in the observed changes. In the case of postpartum depression for instance, the already reported association between increased blood kynurenine over tryptophan ratios and symptoms of depression and anxiety (Maes et al 2002) is more likely to be related to TDO than to IDO since it occurs in the absence of any sign of activation of macrophages as measured by plasma neopterin (Kohl et al 2005; Schrocksnadel et al 2003) . Extrahepatic TDO could also be involved in some instances since a higher density of TDO-positive glial cells associated with higher kynurenine levels was found in the gray and white matter of the anterior cingulate cortex of patients with bipolar disorders (Miller et al 2006) . Note that this does not apply to pre-partum depression since there are both high CRP levels and IDO activity at this stage of pregancy (Schrocksnadel et al 2003; Scrandis et al 2008) .
Conclusions
The use of animal models for studying inflammation-associated symptoms of depression is plagued with many difficulties, including the lack of a real animal model of depression and the huge confounding intervention of performance factors that are sensitive to sickness behavior. In addition, it should not be forgotten that depression remains a condition that is exclusively defined by a list of obligatory and facultative symptoms, and for which the causal factors remain unknown.
It might appear somewhat incongruous if not inappropriate to relate a relatively nonspecific response, inflammation, to symptoms of depression that still tend to be considered by many psychiatrists as the expression of a specific psychiatric entity. However, this view is obsolete since it does not take into account that symptoms of depression are transnosographic, in the sense that they are present in many clinical psychiatric and somatic conditions (Baruch et al 1992) .
Inflammation-associated depression is a clinical entity that has taken long to be recognized but has received much attention during the recent years. Based mainly on the quasiexperimental model of cytokine immunotherapy, its nosology is now well established. Furthermore, it provides an invaluable source of insight on the dynamics of interaction between peripheral and brain mechanisms since the same subjects can be studied at different stages of development of depression, and those subjects who become depressed can be compared to those who remain depression-free. Based on what has been learned at the clinical level, reverse translational studies can now be carried out in animal models. This makes possible the study of cellular and molecular mechanisms of inflammation-associated depression and opens the perspective of developing new antidepressant drugs that target the brain cytokine system or its downstream processes. Temporal dissociation between sickness and depression in response to peripheral immune stimulation. Note that sickness develops earlier whereas depressive symptoms occur later, with a time interval varying from hours to weeks depending on the eliciting condition. Degradation of kynurenine varies according to the enzymatic equipment of the cells. Note that astrocytes produce mainly kynurenic acid whereas microglia transform kynurenine into 3-hydroxy kynurenine and quinolinic acid. Kynurenic acid is considered to be neuroprotective whereas 3-hydroxy kynurenine and quinolinic acid are neurotoxic.
